A high temperature is produced in the process of precision milling of titanium alloy, and the cutting temperature can be effectively reduced by placing a micro-texture on the tool surface. In order to study the milling temperature of micro-textured ball-end milling cutter in milling titanium alloy under the combined action of a blunt radius with different edges and a micro-texture with different parameters, a new method based on micro-element theory and the generation and transmission of cutting heat has been established. At the same time, the influence of different radii of blunt edges on the milling temperature is simulated by the finite element method and experimentally verified to explore the influence of different radii of a blunt edge and micro-texture parameters on the milling temperature. Taking the milling temperature as the evaluation index, the optimum parameters of micro-circular pit texture are as follows: the diameter of micro-circular pit is 40 micron, pit spacing is 225 micron, distance from cutting edge is 100 microns, and radius of the blunt edge is 60 microns.
Introduction
Titanium alloys are widely used in various fields because of their high strength, corrosion resistance, and heat resistance properties. However, at the same time, owing to the characteristics of titanium alloy, such as small deformation coefficient, high specific strength, good toughness, and so on, it is easy to produce a high temperature when milling titanium alloy, and the cutting force per unit area is large and the tool wear is serious. Especially in precision milling applications (i.e., a very small amount of material is removed), overly high milling temperatures are the main cause of tool wear and the poor surface quality of workpieces. In the actual production process, the blunt radius of the cutting edge has a significant effect on the force thermal characteristics in the cutting process. Especially in precision cutting, the cutting work is mainly completed by the cutting edge of the cutting tool, which is the first part to contact the workpiece. Changing the shape of the cutting edge has directly influenced the cutter-workpiece contact state and modifies the length of the cutter-workpiece contact state across three heat source regions, resulting in changes in the generation and transmission of cutting heat. Therefore, the blunt radius of the cutting edge has an important influence on the cutting temperature in the cutting process. Tian Xingqiang and Nie Huawei [1] take the blunt radius of the cutting edge of a titanium alloy Ti6Al4V end milling cutter as the research object. The experimental results show that the milling temperature initially decreases, and then tends to smooth with an increasing cutting-edge radius. Mohamed N.A. Nasr [2] has studied the turning process of austenitic stainless steel AISI 316L Appl. Sci. 2020, 10, 587; doi:10.3390/app10020587 www.mdpi.com/journal/applsci Appl. Sci. 2020, 10, 587 2 of 16 with different cutting radii of a cemented carbide cutter; the authors report that the cutting temperature increases with the increase of the blunt circle radius in the range of 0.02-0.1 mm. Zheng Weijuan et al. [3] use the Advantedge 3D software to simulate the milling process of 45 steel with different cutting radii of a blunt circle radius end milling cutter. The curves of the cutting radii are increased from 0.02 mm to 0.08 mm; the authors report that the milling temperature initially decreases, and then increases with the increase of the cutting-edge radius. The lowest milling temperature occurs when the cutting-edge radius is 0.06 mm. Yang Weidong and others [4] used abaqus to simulate the process of cutting 45 steel with a cemented carbide blade with a blunt edge. The authors report that increasing the radius in the range of 0-0.02 mm presented a decreasing cutting temperature. However, in the cutting-edge radius range of 0.02-0.1 mm, the cutting temperature gradually increases as the radius increases. In order to study the effects of the cutting edge on the hard cutting performance of the tools, Tao Liang [5] and others have used the Advantedge finite element simulation software to simulate hardened bearing steel with five kinds of tools with different blunt radii. The research has found that the high temperature area of the cutting tools increases with the increase of the blunt radius, and the highest cutting temperature is located near the cutting edge. According to a large number of studies, when cutting titanium alloy and other difficult-to-machine materials, placing a micro-pit texture on the surface of the tool can improve the processing quality of the workpiece and prolong the service life of the tool. The micro-pit texture plays a role in grinding and anti-wear in the process, so that the cutting force and cutting temperature are reduced. The diameter, spacing, distance from the cutting edge, depth, and other parameters related to the pits have different effects on the cutting force and temperature. The reasonable selection of the parameters for the micro-texture is of great significance for improving the machining quality and cutting performance of the tool. Wang Liang [6] made use of a laser marking machine to produce different micro-textures on the rake face of cemented carbide tools.
The cutting experiments show that a micro-texture has the effect of improving cutting performance, reducing cutting force, and reducing cutting temperature. Zhang Yongbo [7] uses the Advantedge software to simulate the turning process of cemented carbide cutting tools with a groove texture. The authors report that the insertion of a groove texture significantly reduces the cutting temperature.
With the increase of the texture spacing, the cutting temperature increases slowly; with the increase of the groove width, the cutting temperature initially decreases, and then increases. Cai Xiao [8] , in order to study the influence of micro-texture on cutting force and cutting temperature, prepared micro-texture tools by the laser processing method. Through comparative tests, it is concluded that micro-texture tools can effectively reduce the cutting force and cutting temperature compared with non-texture tools. Chen Hongfeng and Lian Yunsong [9] have studied the influence of micro-texture on cutting performance of trapezoidal groove surface with different texture parameters by finite element simulation. The results show that reasonable texture parameters can effectively improve the friction between cutting tool and chip and promote heat dissipation, thus achieving the effect of reducing the cutting force and cutting temperature. Yu Zhanjiang and Cai Qianqian [10] have carried out high-speed cutting experiments on SUS304 stainless steel using micro-texture tools and non-texture tools. The cutting performance of micro-texture tools has been studied. The research found that the micro-groove texture and the pit texture can effectively reduce the friction coefficient of the tool surface, thus reducing the cutting force and the cutting temperature; a micro-pit texture can obviously improve the surface quality. Zhang Na and Yang [11] have established many different types of micro-texture hard alloy models and conducted three-dimensional friction simulation tests of different types of surface micro-texture cemented carbide and titanium alloy by finite element simulation software. The results show that the groove texture can increase the heat dissipation area and significantly reduce the friction temperature, and the diamond pit texture can control the temperature increase during the friction process. To sum up, the blunt radius of the cutting edge and the micro-texture parameters are important in improving the machinability of titanium alloys and reducing cutting temperatures. However, there are few studies on the combined influence of these two factors on the cutting of titanium alloys. Therefore, studies are urgently needed to investigate the influence of cutting-edge form and texture parameters on the processing properties of titanium alloys. In this work, a novel milling temperature model is proposed, which relies on the method of micro-element approximations and refers to the generation and conduction law of cutting heat. The proposed model is established for titanium alloy milling processes using ball end milling cutters under the action of an action of blunt edge and analyze its influence mechanism. The influencing mechanisms of different blunt radius and texture parameters on milling temperatures are analyzed. Furthermore, different blunt radius and micro-texture parameters are used to simulate and test the titanium alloy milling process; the influence of different blunt radius and micro-texture parameters on milling temperatures is also analyzed. According to the simulation and experimental results for each set of parameters, the optimal combination of the blunt radius of the cutting edge and texture parameters is obtained.
Establishment of Milling Temperature Model

Analysis of Milling Heat Source of Ball-End Milling Cutter
A simplified diagram of the heat source model for ball-end milling cutter is illustrated in Figure 1 . According to the structure of the ball-end milling cutter and milling principle, when calculating the cutter temperature, the ball-end milling cutter can be decomposed into numerous uniform micro units along the axial direction, and the cutting of each micro unit can be simplified as oblique cutting. The milling heat for this kind of cutter is mainly generated in three areas. The first heat source area is the shear surface, where the heat is generated by the deformation work done to overcome the plastic deformation of the metal. The second heat source area is the rake face, where the heat is generated by the friction between the chip and the rake face. The third heat source area is the rear, where the heat is generated by the friction between the rear and the workpiece. When calculating the temperature field of the workpiece, the surface heat sources of the three deformation zones are equivalent to the line heat sources at the cutting edge. The ball end milling cutter can be discretized into a collection of uniform micro-elements along the axis, and the cutting process of each micro element can be simplified as oblique cutting. The discrete micro-element line heat sources are dz in height, dL in length, and β 1 in helix angle of the milling cutter, in the following: dL = dz/ cos β 1 .
(1)
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Analysis of Milling Heat Source of Ball-End Milling Cutter
A simplified diagram of the heat source model for ball-end milling cutter is illustrated in Figure  1 . According to the structure of the ball-end milling cutter and milling principle, when calculating the cutter temperature, the ball-end milling cutter can be decomposed into numerous uniform micro units along the axial direction, and the cutting of each micro unit can be simplified as oblique cutting. The milling heat for this kind of cutter is mainly generated in three areas. The first heat source area is the shear surface, where the heat is generated by the deformation work done to overcome the plastic deformation of the metal. The second heat source area is the rake face, where the heat is generated by the friction between the chip and the rake face. The third heat source area is the rear, where the heat is generated by the friction between the rear and the workpiece. When calculating the temperature field of the workpiece, the surface heat sources of the three deformation zones are equivalent to the line heat sources at the cutting edge. The ball end milling cutter can be discretized into a collection of uniform micro-elements along the axis, and the cutting process of each micro element can be simplified as oblique cutting. The discrete micro-element line heat sources are dz in height, dL in length, and β1 in helix angle of the milling cutter, in the following: (1) During the milling process of ball-end milling cutter with micro-texture, the contact state between the cutter and the workpiece is constantly changing, and the heat flux density is non-uniform distribution. During the cutting process, the length of spiral heat source changes continuously, which is a process from zero to the longest and from the longest to zero. Therefore, the heat transfer process During the milling process of ball-end milling cutter with micro-texture, the contact state between the cutter and the workpiece is constantly changing, and the heat flux density is non-uniform distribution. During the cutting process, the length of spiral heat source changes continuously, which is a process from zero to the longest and from the longest to zero. Therefore, the heat transfer process of the micro-textured ball-end milling cutter can be simplified as an intermittent heating process of the periodicity on the workpiece processing surface by the spiral heat source with variable length, non-uniform heat flux density, and constant change [12] . As the helix angle of the ball-end milling cutter with micro-texture used in this paper is zero, it is not necessary to consider the influence of helix angle on the variation of linear heat source. In order to simplify the analysis, the ball-end milling cutter is divided into numerous uniform micro-elements along the cutting edge and the cutting process of each micro-element is simplified to a right-angle cutting form.
During the milling process of a ball-end milling cutter, because the cutting edge is a circular arc, the cutting depth at different positions of the cutting edge exhibits a state of constant change from zero to the maximum value. From the classical cutting force formula, it can be seen that the change of the cutting depth causes slight changes in the main cutting force, which can be ignored. Therefore, each cutting element can be integrated and the influence of the cutting edge form on the cutting temperature can be obtained.
Average Temperature: The Shear Surface
Most of the heat generated on the shear surface passes to the chip and part to the workpiece. The heat generated q 1 per unit time per unit area on the shear surface is as follows:
where F s is the shear force, v s is the shear velocity along the shear plane, and ϕ is the shear angle. The average temperature of the three surface heat sources is solved (sheer plane, rake face, rear). First, the average temperature of the shear plane is solved. It is assumed that the surface of the semi-infinite object has a moving surface heat source with a width of 2l m and an infinite length. If the heat per unit area per unit time is q, the average temperature θ in the surface heat source can be expressed as follows:
where c 0 is the specific heat of the object (J/(kg·K)), ρ 0 is the object density (kg/m 3 ), v is the moving speed of the surface heat source (m/s), k 0 is the thermal conductivity of the object [W/(m·K)], l m is the half (m) of the surface heat source width, and θ is the initial temperature of the object ( • C).
(1) The average temperature of the chip-side shear surface.
For the chip, the heat source produced by shearing is a continuous fixed heat source. According to the equation of heat balance, the average temperature of the shear zone is as follows:
where R 1 is the ratio of heat to chip in the first deformation region, c 1 is the specific heat capacity of temperature θ s + θ 0 /2, ρ 1 is the density of the workpiece material, and θ 0 is the initial temperature of the workpiece.
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(2) The average temperature of the workpiece-side shear surface.
The average temperature of the shear surface on the workpiece can be calculated according to the temperature field of the moving surface heat source. The average temperature of the workpiece-side shear plane is obtained as follows:
where k 1 is the thermal conductivity of the workpiece material at the temperature (θ s + θ o )/2, and α 1 is the thermal conductivity coefficient of the workpiece material at temperature (θ s + θ o )/2. Equation (4) is equal to Equation (5) . According to the chip shear deformation, the relative slip ε slip is as follows:
where γ rake is the rake angle of the micro-element cutting of the ball-end milling cutter. Given c 1 p 1 = k 1 α 1 and v s = v cos γ rake cos(ϕ−γ rake ) , the ratio R 1 of the heat transfer from the shear surface to chip is as follows:
where a c is the actual cutting depth.
Average Temperature: The Contact Area of the Rake Cutter Surface
The friction heat source per unit time per unit area of the rake knife face is q 2 :
where F f is the friction force on the rake face; v c is the chip flow velocity, v c = a p /a c ·v; l f micro-rake is the contact length between the chip and the rake face in the micro-element cutting of the ball-end milling cutter; and u f is the friction work done when cutting off the chip per unit volume, u f = F f ·v c /(ν·a p ·a e ).
(1) The average temperature of the rake face calculated from the chip's perspective.
The friction heat source is a moving heat source for the chip, and the chip is viewed as semi-infinite. Also, according to Jaeger's solution [13] , the average temperature of the rake face is obtained as follows:
where R 2 is the percentage of the friction heat of the chip, α 2 is the temperature coefficient of the workpiece material when the temperature is the average of θ s and θ t , and c 2 ρ 2 is the volumetric heat capacity when the temperature of the workpiece material is the average of θ s and θ t .
(2) The average temperature of the rake face calculated from the tool's perspective.
The friction heat source is a continuous fixed heat source on the tool's rake face. The heat source is located using a semi-infinite principle, regarding the tool as 1/4 infinite gross (2D cutting) or 1/8 infinite gross (3D cutting). The average temperature of the rake face is obtained as follows:
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where R 2 is the percentage of the friction heat of the chip, θ 0 is the initial temperature of the tool, k 3 is the thermal conductivity of the cutting tool when the temperature is the average of θ 0 and θ t , and A is the area coefficient related to the aspect ratio of the surface heat source. Equation (9) is equal to Equation (10) . Hence, the percentage R 2 of friction heat transfer to the chip can be expressed as follows:
where u f is the friction work done when the unit volume chip is removed.
Average Temperature: The Contact Area of the Rear Cutter Surface
According to the literature, the average temperature of the rear surface contact area can be calculated [14] . The calorific value per unit time and per unit area of the friction heat source on the rear face is q 3 :
where F fa is the rear face friction force (N), V is the cutting speed (m/min), and l f micro-rear is the contact length between the cutter and the back face in micro-element cutting of a ball-end milling cutter.
(1) The average temperature of the rear face calculated from the workpiece's perspective.
The friction heat source is a moving surface heat source for the workpiece, and the workpiece is regarded as semi-infinite. The moving surface heat source theory is applied to obtain the average temperature of the rear face as follows:
where R 3 is the ratio of the heat generated in the contact area (between rear face and workpiece) that flows into the workpiece, k 4 is the thermal conductivity coefficient [W/(m·k)] when the temperature of the workpiece material is the average value of θ w and θ 0 , and α 3 is the thermal conductivity coefficient when the temperature of the workpiece material is the average value of θ 0 and θ w .
(2) The average temperature of the rear face calculated from the tool's perspective.
The friction heat source is a fixed continuous heat source for the rear face. The heat source is located using a semi-infinite principle, regarding the tool with the 1/4 infinite principle (two-dimensional cutting) or 1/8 infinite principle (three-dimensional cutting). According to the heat source formula of the static continuous action surface, the average temperature θ w of the tool rear face is as follows:
where k 5 is the thermal conductivity when the temperature of the tool material is the average of θ w and θ 0 . Given Equations (13) and (14) are equal, R 3 can be defined as follows:
of 16
From Equations (10) and (14), it can be seen the average cutting temperature of the tool is as follows:
Substituting Equations (8) and (12) into Equation (16) results in the following:
Milling Temperature Model
When the form of the cutting-edge changes from a sharp edge to a blunt edge, the chip contact state near the cutting-edge changes. As shown in Figure 2 , the cutting edge of the tool is divided into two parts at the diversion point O under a blunt edge cutting. The parts above point O mainly have friction with the chips, so the edge cuts into the rake face of the tool, and the tool-chip contact length is l f micro−rake + l OCB . The part below the point O mainly has friction with the workpiece. The l OF is cut into the rear face of the tool, and the tool-workpiece contact length becomes l f micro−rake + l OCB . According to the arc length formulae,
where a cmin is the limit cutting thickness and γ rear is the rear angle of the cutter.
be computed. More specifically, under the action of the radius of the blunt cutting edge, these two heat transfers can be obtained from Equations (16) and (20), respectively, 
(21)
The analysis shows that, with the increase of rε, the values of lOF and lOCB increase. Consequently, 2 R ′ and 3 R ′ increase, and θ decreases. Therefore, as the radius of the blunt edge increases, the milling temperature for each cutting micro-element decreases. When the radius of the cutting edge gradually increases, the composition of the cutting force at the cutting-edge changes, the extrusion and friction effects at the cutting-edge increase, and the proportion of cutting heat transferred to the cutting tool increases. As this proceeds, the heating effect caused by the increasing radius of the cutting edge exceeds the cooling effect, so the temperature of the cutting tool increases with the continuous increase of the radius of the cutting edge. 
Simulation Experiment of Titanium Alloy Milling Process by Ball-End Milling Cutter with Micro-Texture
Establishment of Material Model and Friction Model
The material of the micro-texture ball-end milling cutter is cemented carbide, and its parameters can be directly given from the material library of the software. The workpiece material is Ti6Al4V, Considering the influence of the blunt cutting edge on the cutting performance of the tool, the percentages of the frictional heat transfer from the rake face to the chip and the proportion of heat generated by the contact area (between the rake face and the workpiece) that flows into the tool can be computed. More specifically, under the action of the radius of the blunt cutting edge, these two heat transfers can be obtained from Equations (10) and (14) , respectively,
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The analysis shows that, with the increase of r ε , the values of l OF and l OCB increase. Consequently, R 2 and R 3 increase, and θ decreases. Therefore, as the radius of the blunt edge increases, the milling temperature for each cutting micro-element decreases. When the radius of the cutting edge gradually increases, the composition of the cutting force at the cutting-edge changes, the extrusion and friction effects at the cutting-edge increase, and the proportion of cutting heat transferred to the cutting tool increases. As this proceeds, the heating effect caused by the increasing radius of the cutting edge exceeds the cooling effect, so the temperature of the cutting tool increases with the continuous increase of the radius of the cutting edge.
Simulation Experiment of Titanium Alloy Milling Process by Ball-End Milling Cutter with Micro-Texture
Establishment of Material Model and Friction Model
The material of the micro-texture ball-end milling cutter is cemented carbide, and its parameters can be directly given from the material library of the software. The workpiece material is Ti6Al4V, and some basic material properties of titanium alloy are shown in Table 1 . In order to ensure the accuracy of the finite element simulation results, the Johnson-Cook constitutive equation is adopted in this simulation; the material parameters of the Johnson-Cook model of Ti6Al4V are shown in Table 1 . A, B, n, m, and C are all structural constants of the model; E is Young's modulus; µ is Poisson's ratio; and ε 0 is the reference strain rate. The tool-chip contact area is divided into the tool-chip close contact area and the tool-chip non-close contact area; the simulation friction models used in the two kinds of areas are different. In the cutting simulation of µσ n and σ s , the magnitude of these two values are mainly judged through comparative analysis, as shown in Equation (22).
where τ f is the friction shear stress of the tool, µ is the friction coefficient of the tool-chip contact area, σ s is the maximum shear stress of titanium alloy, and σ n is the normal stress of titanium alloy.
Simulation Boundary Conditions and Mesh Generation
To further study the influence of the radius of the blunt edge on the cutting performance of titanium alloy, the finite element software deform was used to simulate and analyze the influence rule. The finite element models of cutting tools and workpieces used in the simulation are the same as those mentioned above. The software transmits the calculation data through the grid, so the grid quality seriously affects the accuracy of simulation results. During the simulation process, the mesh will be distorted continuously. Using the adaptive mesh division method in deform to re-divide the distorted mesh can effectively ensure the simulation accuracy. A tetrahedral mesh is used for the mesh division of the workpiece and the cutter, with the number of cutter meshes set at 70,000 and the number of workpiece meshes set at 35,000. The whole workpiece is divided by using a grid with a minimum grid size of 0.1 mm and a mesh grid size ratio of 1:4, and a thinning pane with a size of 0.05 mm is added near the cutting edge of the cutter and at the part of the workpiece surface in contact with the cutting edge. In this way, the simulation results can be more accurate without reducing the simulation efficiency. The partitioned mesh is shown in Figure 3 .
as those mentioned above. The software transmits the calculation data through the grid, so the grid quality seriously affects the accuracy of simulation results. During the simulation process, the mesh will be distorted continuously. Using the adaptive mesh division method in deform to re-divide the distorted mesh can effectively ensure the simulation accuracy. A tetrahedral mesh is used for the mesh division of the workpiece and the cutter, with the number of cutter meshes set at 70,000 and the number of workpiece meshes set at 35,000. The whole workpiece is divided by using a grid with a minimum grid size of 0.1 mm and a mesh grid size ratio of 1:4, and a thinning pane with a size of 0.05 mm is added near the cutting edge of the cutter and at the part of the workpiece surface in contact with the cutting edge. In this way, the simulation results can be more accurate without reducing the simulation efficiency. The partitioned mesh is shown in Figure 3 . To make the simulation process consistent with the actual machining process, it is necessary to add boundary conditions to the workpiece and the tool. To ensure the fixed position of the workpiece in the machining process, the three directional nodes of X, Y, and Z where the workpiece surface does not come into contact with the cutter are respectively restrained. At the same time, set the shear friction coefficient between the cutter and the workpiece to be 0.6 and the heat transfer coefficient to be 45. Finally, the cutting tool and the workpiece are set with an initial temperature and a heat transfer surface, the initial temperature is set to be 20 degrees at room temperature, and the heat transfer surface is the two cutting edge surfaces of the cutting tool and the upper surface of the workpiece.
Simulation Scheme Design
In this work, the cutting parameters used for the simulation experiments are as follows: cutting speed v c = 120 m/min; feed per tooth f z = 0.08 mm; cutting width a e = 0.5 mm; and cutting thickness a p = 0.3 mm. These values have been reported in the literature to provide the best cutting performance of titanium alloy [15] . Taking an example that is 30 µm in diameter, 125 µm in pitch, and 90 µm in distance from the edge, the distribution of the micro-texture is shown in Figure 4 . On the basis of the above parameters, a four-factor five-level table design is established, as shown in Table 2 . The influence of the micro-circular pit texture on the milling temperature of the ball-end milling cutter is analyzed through orthogonal experiments.
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The range analysis method is used to process the average milling temperature of the simulation test of titanium alloy milling using the micro-texture ball-end milling cutter with a blunt edge. The relevant data are shown in Table 3 . From the magnitude of the extreme difference of the four factors in the table, it can be determined that the influence order of the texture parameters for each micro-circular pit and the radius parameters of the blunt edge on average milling temperature is as follows: radius of blunt edge > distance from cutting edge > distance between micro-circular pits > diameter of micro-texture parameters. That is, the radius of blunt circle has the greatest influence on the average milling temperature, while the diameter of micro-circular pit has the least influence. The analysis of the data is shown in Figure 5 and the analysis of variance is shown in Table 4 . According to the F value in the table, it can be seen that the order of significance level is as follows: edge radius > distance from blade > diameter of micro-pit > micro-pit spacing.
Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 18 The analysis of the data is shown in Figure 5 and the analysis of variance is shown in Table 4 . According to the F value in the table, it can be seen that the order of significance level is as follows: edge radius > distance from blade > diameter of micro-pit > micro-pit spacing. Figure 5 shows the relationships between the micro-texture parameters and the blunt radius on the average milling temperature. As shown in Figure 5a , as the radius of the blunt cutting-edge increases, the average milling temperature decreases rapidly first, and then increases slowly. As shown in Figure 5b , as the distance from the cutting-edge increases, the average milling temperature initially decreases, and then increases. As shown in Figure 5c , the average milling temperature increases at first and then decreases; this pattern repeats as the micro-pit spacing further increases. As shown in Figure 5d , the average milling temperature decreases initially; this is followed by increasing and then decreasing average milling temperature values as the diameter of the microround pits increase. Therefore, when the average milling temperature is taken as the evaluation index, the optimal parameters of the micro-texture are as follows: the diameter of the micro-circular pit is 40 μm, the pitch of the micro-circular pit is 175 μm, the distance from cutting edge is 100 μm, and the blunt radius of the cutting edge is 60 μm. Figure 5 shows the relationships between the micro-texture parameters and the blunt radius on the average milling temperature. As shown in Figure 5a , as the radius of the blunt cutting-edge increases, the average milling temperature decreases rapidly first, and then increases slowly. As shown in Figure 5b , as the distance from the cutting-edge increases, the average milling temperature initially decreases, and then increases. As shown in Figure 5c , the average milling temperature increases at first and then decreases; this pattern repeats as the micro-pit spacing further increases. As shown in Figure 5d , the average milling temperature decreases initially; this is followed by increasing and then decreasing average milling temperature values as the diameter of the micro-round pits increase. Therefore, when the average milling temperature is taken as the evaluation index, the optimal parameters of the micro-texture are as follows: the diameter of the micro-circular pit is 40 µm, the pitch of the micro-circular pit is 175 µm, the distance from cutting edge is 100 µm, and the blunt radius of the cutting edge is 60 µm.
Experimental Verification
Preparation and Experimental Device of Micro-Round Pit Textured Ball-End Milling Cutter
For verifying the accuracy of the above simulation results and conducting further relevant milling experiments, a BNM-200 ball-end milling cutter is used as the cutting tool and YG8 is used as the cutting tool material. The size of the cutting tool and the cutting blade are shown in Figure 6 . Micro-round pit textures with different parameters are prepared on the rake face of the ball-end milling cutter using a fiber laser. The fiber laser is shown in Figure 7 .
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Analysis of Influence Law of Milling Temperature
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The average milling temperature values under the combined effects of different micro-texture parameters and different cutting edge blunt radius parameters obtained through orthogonal experiments are shown in Table 5 . It can be determined that the influence order of the texture and edge radius parameters on the average milling temperature is as follows: blunt edge radius > distance from cutting edge > distance between micro pits > diameter of micro pits. That is, the radius of the blunt circle has the greatest influence on the average milling temperature, while the diameter of the micro-circular pit has the least influence. 
The average milling temperature values under the combined effects of different micro-texture parameters and different cutting edge blunt radius parameters obtained through orthogonal experiments are shown in Table 5 . It can be determined that the influence order of the texture and edge radius parameters on the average milling temperature is as follows: blunt edge radius > distance from cutting edge > distance between micro pits > diameter of micro pits. That is, the radius of the blunt circle has the greatest influence on the average milling temperature, while the diameter of the micro-circular pit has the least influence. The analysis of the data is shown in Figure 10 shows and the analysis of variance is shown in Table 6 . According to the F value in the table, it can be seen that the order of significance level is as follows: edge radius > distance from blade > micro-pit spacing > diameter of micro-pit. Figure 10 shows the simulation and experimental comparison of micro-circular pit texture parameters and cutting-edge parameters against average milling temperature. It can be seen from the above that the influence rules of various parameters on milling temperature in simulation and experimental results are basically the same, which shows that the changes of cutting edge and micro-texture parameters do affect the change rules of milling temperature. The deviation between simulation results and experimental results is mainly because of the vibration of machine tool in the experiment and the error in non-linear solution in simulation calculation. As shown in Figure 10a , the average milling temperature increases first and then decreases with the increase of micro-pit spacing. The spacing of micro-pits continues to increase, and the average milling temperature increases first and then decreases again. As shown in Figure 10b , the average milling temperature decreases first, then increases, and then decreases with the increase of the diameter of the micro-round pit. As shown in Figure 10c , as the distance from the cutting-edge increases, the average milling temperature decreases first and then increases. As shown in Figure 10d , with the increase of the cutting-edge radius, the average cutting temperature decreases first and then increases.
As can be seen from Figure 10 , when the average cutting temperature is taken as the evaluation index, the optimal parameters are as follows: the diameter of the micro-circular pits is 40 µm, the spacing between the micro-circular pits is 175 µm, the distance from the cutting edge is 100 µm, and the radius of blunt cutting edge is 60 µm. As can be seen from Figure 10 , when the average cutting temperature is taken as the evaluation index, the optimal parameters are as follows: the diameter of the micro-circular pits is 40 μm, the spacing between the micro-circular pits is 175 μm, the distance from the cutting edge is 100 μm, and the radius of blunt cutting edge is 60 μm. 
Conclusions
This paper mainly studies the influence of different cutting edge blunt radii and different micro-texture parameters on the milling temperature. The milling temperature is taken as the evaluation standard to establish the optimal combination parameters of the micro-pit texture and the blunt radius. It is found that the milling temperature first decreases and then increases with the increase of radius r ε . Under the action of a blunt cutting edge, when the milling temperature is taken as the evaluation index, the optimal parameters of the micro-texture and the blunt edge are as follows: the diameter of the micro-circular pit is 40 µm, the spacing between the micro-circular pits is 175 µm, the distance from the cutting edge is 100 µm, and the radius of the blunt cutting edge is 60 µm. In addition, through conducting the simulation analysis and experimental verification of the milling process under the action of the blunt edge, the following four conclusions are drawn. First, when the texture parameters increase, the ability of the micro-round pit texture to capture chips is enhanced, which reduces the heat carried away by chips. However, as the micro-texture also has the function of anti-wear and friction reduction, the average milling temperature initially decreases and then increases when the radius of the blunt edge increases. Second, when the distance from the cutting edge increases, the average milling temperature initially decreases; subsequently, the temperature increases and then decreases. Third, when the spacing between micro-pits increases, the average milling temperature initially increases and then decreases. Fourth, when the diameter of micro-circular pits increases, the average milling temperature initially decreases; subsequently, the temperature increases and then decreases.
